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Abstract 
This digital image correlation study details the mechanical behaviour and pattern evolution of the 
transformation band of a 56Ni-44Ti wt% shape memory alloy subjected to monotonic uniaxial and 
loading-unloading cycles in tension. The broadened single inclined band front and multiple criss-crossing 
patterns are found to relieve the in-plane moment caused by local shear strains and straighten the sample 
edges during testing. The magnitude of the maximum local strain rate suggests its feasibility to 
understand the direction and extent of the localised transformation. Specifically, the changes to the 
maximum local strain rate during monotonic uniaxial tension are generally analogous to the stages in the 
macroscopic stress-strain curve. The microstructure before and after mechanical testing was 
characterised via electron back-scattering diffraction. Estimates of the kernel average misorientation 
show that residual strains upon unloading are linked to high intragranular misorientation within the 
original B2 grains and the remnant B19′ variants. 
Disciplines 
Engineering | Science and Technology Studies 
Publication Details 
Bian, X., Saleh, A. A., Pereloma, E. V., Davies, C. J.H. & Gazder, A. A. (2018). A digital image correlation 
study of a NiTi alloy subjected to monotonic uniaxial and cyclic loading-unloading in tension. Materials 
Science and Engineering A: Structural Materials: Properties, Microstructure and Processing, 726 102-112. 















loading‐unloading	 cycles	 in	 tension.	 The	 broadened	 single	 inclined	 band	 front	 and	 multiple	 criss‐
crossing	 patterns	 are	 found	 to	 relieve	 the	 in‐plane	 moment	 caused	 by	 local	 shear	 strains	 and	
straighten	the	sample	edges	during	testing.	The	magnitude	of	the	maximum	local	strain	rate	suggests	
its	 feasibility	to	understand	the	direction	and	extent	of	 the	 localised	transformation.	Specifically,	 the	
changes	to	the	maximum	local	strain	rate	during	monotonic	uniaxial	tension	are	generally	analogous	
to	the	stages	in	the	macroscopic	stress‐strain	curve.	The	microstructure	before	and	after	mechanical	
testing	 was	 characterised	 via	 electron	 back‐scattering	 diffraction.	 Estimates	 of	 the	 kernel	 average	












NiTi	 shape	memory	 alloys	 subjected	 to	monotonic	 uniaxial	 tension	 at	 low	 initial	 strain	 rates	
(between	~10 	and	~10 	s )	 typically	present	with	macroscopic	 stress‐strain	curves	comprising	
an	initial	elastic	region,	a	stress	plateau	region	(between	~0.01‐0.12	engineering	strains)	followed	by	a	
rising	stress	region	up	to	a	maximum	stress	value	[1‐6].	Superelasticity	is	the	ability	of	NiTi	alloys	to	
sustain	 repeated	 loading	 and	 unloading	 cycles	 within	 the	 stress	 plateau	 region;	 on	 account	 of	 the	
initial	 primitive	 cubic	 B2	 (or	 austenite)	 phase	 undergoing	 a	 fully	 reversible,	 stress‐induced	
transformation	 to	 monoclinic	 B19′	 (or	 martensite).	 Consequently,	 the	 study	 of	 martensitic	
transformation	 within	 the	 macroscopic	 stress	 plateau	 region	 necessitates	 employing	 in‐situ	
techniques.	
One	 of	 the	 effective	 techniques	 typically	 combined	 with	 mechanical	 testing	 is	 digital	 image	
correlation	 (DIC),	 which	 is	 an	 optical	 correlation	 technique	 that	 records	 and	 measures	 the	




Since	 then,	 researchers	 have	 routinely	 applied	 DIC	 to	 characterise	 strain	 fields	 during	 the	
mechanical	 testing	 of	 thermo‐mechanically	 processed	 NiTi	 alloys	 [3,	 9‐14].	 For	 example,	 DIC	
investigations	 revealed	 the	 development	 of	 a	 region	 of	 strain	 concentration	 upon	 deviation	 from	
linearity	towards	the	end	of	 the	elastic	region;	suggesting	the	 initiation	of	phase	transformation	 just	
prior	to	the	onset	of	 the	macroscopic	stress	plateau	[1].	Thereafter,	 further	 localisation	 in	the	strain	










unclear.	 To‐date,	 a	 couple	 of	 studies	have	 suggested	 that	 shear	 strains	 lead	 to	 an	 in‐plane	moment,	
which	in	turn	may	influence	the	properties	of	the	mobile	band	front	[16,	19].			






residual	 strain	 upon	 unloading	 and	 a	 progressive	 degradation	 in	 superelasticity	 involving	 the	
retention	of	an	increasing	phase	fraction	of	B19′		[14,	15,	22‐29].	
However,	 the	 typical	 fatigue	 test	 as	 described	 above	 is	 markedly	 different	 from	 loading‐
unloading	cycles,	involving	small	increments	to	the	macroscopic	strain	per	cycle,	within	and	up	to	the	
end	 of	 the	macroscopic	 stress	 plateau	 region.	 Although	 the	 latter	 type	 of	mechanical	 tests	 are	 less	
frequently	 reported,	 it	 is	 necessary	 to	 enable:	 (i)	 an	 understanding	 of	 localised	 deformation	
accumulation	through	axial/transverse/shear	strain	pattern	evolution	via	incremental	increases	to	the	
macroscopic	 strain	 and,	 (ii)	 studying	 the	 degradation	 in	 superelasticity	 as	 a	 function	 of	 the	 overall	
stress	versus	strain	response	with	successive	cycles.	
While	the	changes	in	the	DIC‐based	axial	strains	during	mechanical	testing	have	been	catalogued,	
the	 local	 strain	 rate,	 which	 affects	 the	 direction	 and	 extent	 of	 phase	 transformation	 within	 the	
macroscopic	stress	plateau	region,	has	only	been	reported	for	a	select	macroscopic	tensile	strain	[3].	It	
was	found	that	the	local	strain	rate	is	positive	only	within	the	narrow	propagating	band	front	whereas	
it	 is	 close	 to	 zero	 elsewhere	 along	 the	 gauge	 length	 [3];	 indicating	 that	 phase	 transformation	 is	
confined	within	the	band	front	area.	In	addition,	the	maximum	local	strain	rate	for	the	select	time	step	





For	 the	 latter	 test	 type,	 loading‐unloading	 cycles	 are	 undertaken	 with	 small	 increments	 to	 the	
macroscopic	tensile	strain	per	cycle,	within	and	up	to	the	end	of	the	macroscopic	stress	plateau	region.	
In	 particular,	 a	 systematic	 description	 of	 the	 mechanisms	 of	 single	 transformation	 band	 front	
broadening	 and	 criss‐crossing	 patterns	 is	 provided.	 Furthermore,	 the	 evolution	 of	 maximum	 local	






in	 a	 quartz	 tube	 under	 an	 Ar	 atmosphere,	 annealed	 at	 700	 °C	 for	 120	 s	 in	 a	 muffle	 furnace	 and	
immediately	 water	 quenched.	 The	 resultant	 microstructure	 comprised	 a	 single	 B2	 phase	 with	 an	
average	grain	size	of	~10	±	5.9	µm.	






Two	 types	 of	 mechanical	 tests	 involving	 monotonic	 uniaxial	 tension	 and	 cyclic	 loading‐
unloading	were	performed	at	room	temperature	using	a	computer‐controlled	servo‐hydraulic	100	kN	
Instron	 1341	 universal	 testing	 machine	 operating	 at	 a	 crosshead	 speed	 of	 0.48	mm ∙ min ;	 which	
corresponds	to	an	initial	strain	rate	of	1	 10 	s .		
During	uniaxial	 tension,	 the	 sample	was	monotonically	 loaded	beyond	 the	macroscopic	 stress	
plateau	region,	well	 into	 the	slowly	rising	macroscopic	stress	 region	and	 then	unloaded;	 in	order	 to	





image	 frames.	DIC	data	contained	recording	 images	of	 the	random	speckles	painted	along	the	gauge	
length	on	a	Dantec	Dynamics	Q‐400	system	comprising	two	close	circuit	digital	cameras	operating	at	5	
frames	per	second	for	the	duration	of	the	mechanical	tests.	
Thereafter,	 an	 in‐house	 developed	 Matlab	 script	 was	 used	 to	 compute	 the	 macroscopic	
engineering	 strain.	 The	 script	 identifies	 the	 grid	 locations	 of	 all	 speckles	 centroids	 along	 the	 gauge	
length	 span	 for	 the	 first	 image	 frame	 (used	 as	 the	 reference	 image)	 and	 then	 calculates	 their	
displacements	 in	 successive	 frames.	 For	 each	 successive	 frame,	 the	 average	 axial	 displacement	was	
used	 to	 compute	 the	 macroscopic	 average	 engineering	 strain	 (ε).	 The	 evolution	 in	 axial	 and	 shear	




operating	at	20	V	 (~1.8	A)	 for	180	 sec	with	an	electrolyte	mixture	 comprising	73%	ethanol	+	10%	
butoxyethanol	+	9%	water	+	8%	perchloric	acid	by	volume.	
EBSD	was	 performed	 on	 a	 JEOL	 JSM‐7001F	 field	 emission	 gun‐scanning	 electron	microscope	
operating	 at	 15	 kV,	 ~6.5	 nA	 probe	 current	 12	 mm	 working	 distance	 and	 fitted	 with	 an	 Oxford	
Instruments	 Nordlys‐II(S)	 camera	 interfacing	 with	 the	 AZtec	 acquisition	 software	 suite.	 A	
magnification	 of	 150×	 and	 a	 step	 size	 of	 0.5	 µm	was	 employed	 for	 the	 annealed	 sample	whereas	 a	
magnification	 of	 2000×	 and	 a	 step	 size	 of	 0.03	 µm	was	 used	 for	 the	 two	 samples	 after	mechanical	
testing.	
The	 EBSD	maps	were	 post‐processed	 using	 the	Oxford	 Instruments	 Channel‐5	 software	 suite.	


















Fig.	 1a	 depicts	 the	macroscopic	 engineering	 stress	 (σ)	 versus	 average	 strain	 (ε)	 curve	 during	
monotonic	uniaxial	 tension.	For	the	points	highlighted	by	red	circles,	 the	corresponding	sequence	of	
full‐field	DIC	 images	with	varying	scale	bars	are	given	 in	Fig.	2.	The	numbers	 indicate	characteristic	
















(b)	 cyclic	 loading‐unloading	 in	 tension.	 C1‐C20	 designate	 the	 cycle	 number.	 The	 red	 points	




elastic	 region,	 the	macroscopic	 strain	 fluctuates	 while	 increasing	 gradually	 (points	 (1)	 to	 (a)).	 The	
deviation	from	linearity	(points	(b)	to	(2))	is	accompanied	by	local	strain	accumulation;	suggesting	the	
nucleation	of	a	B19′	domain	at	 the	 lower	end	of	 the	gauge	 length	near	 the	end	of	 the	elastic	 region.	
Upon	 reaching	 the	 maximum	 stress,	 the	 subsequent	 reduction	 in	 stress	 corresponds	 to	 the	






Within	 the	macroscopic	 stress	plateau	 region	 (points	 (3)	 to	 (4)),	 the	mobile	upper	 and	 lower	
band	fronts	propagate	upwards	and	downwards	along	the	gauge	 length,	respectively,	suggesting	the	
progressive	stress‐induced	phase	transformation	of	B2	to	B19′.	Following	the	end	of	the	macroscopic	
stress	 plateau	 region	 (points	 (4)	 to	 (5)),	 the	 macroscopic	 stress	 begins	 to	 rise	 suggesting	 that	
deformation	accommodation	by	the	B19′	phase	proceeds	uniformly.	
However,	it	should	be	pointed	out	that	the	end	of	the	macroscopic	stress	plateau	region	(point	




























































































































































































































The	 range	 of	 non‐zero	 strain	 rates	 span	 that	 region	 of	 the	 gauge	 length	 within	 which	
transformation	 is	 current	 for	 any	macroscopic	 strain	within	 the	macroscopic	 stress	 plateau	 region.	
The	maximum	 local	 strain	 rate	 corresponds	 to	 the	mobile	 front	 of	 the	 transformation	 band	 and	 is	
located	in	the	middle	of	the	local	strain	transition	zone.	It	follows	that	changes	in	the	position	of	the	
maximum	 local	 strain	 rate	 can	be	 used	 to	 track	 the	 overall	 direction	 of	 forward	propagation	 of	 the	
transformation	band	along	the	gauge	length	for	the	macroscopic	strains	within	the	macroscopic	stress	
plateau	region.		
As	 per	 Ref.	 [3],	 Fig.	 3c	 is	 a	 plot	 of	 the	 maximum	 local	 strain	 rates	 (εM)	 with	 respect	 to	 the	
macroscopic	 strain.	The	 changes	 to	 the	maximum	strain	 rates	 are	generally	 analogous	 to	 the	 stages	
seen	 in	 the	 macroscopic	 stress‐strain	 curve	 (Fig.	 1a).	 After	 strain	 localisation	 but	 prior	 to	
transformation	band	 formation	(between	0.0054	and	0.0056	macroscopic	strains	or	Region	1	 in	Fig.	
3c),	 the	maximum	local	strain	rate	εM	is	relatively	 low	(~1.2 10 	s )	and	is	of	the	same	order	as	
the	macroscopic	 strain	 rate	 (1	 10 	s ).	 Transformation	 band	 formation	 is	 reflected	 as	 a	 sharp	
increase	of	the	maximum	local	strain	rate;	with	the	latter	40	times	higher	than	the	macroscopic	strain	
rate	 (point	 2).	 During	 the	 forward	 propagation	 of	 the	 transformation	 band	within	 the	macroscopic	
stress	 plateau	 region	 (between	 points	 3	 and	 4),	εM	fluctuates	 between	1.4 2.3 10 	s 	at	 an	










Figure.	 3.	 (a)	 Local	 strain	 fields	 along	 the	 centre	 line	 of	 the	 gauge	 length	 for	 selected	
macroscopic	 strains	 (according	 to	 Fig.	 2).	 (b)	 Local	 strain	 and	 strain	 rate	 distributions	 at	
macroscopic	 strains	 of	 0.0085	 (blue)	 and	 0.0608	 (black).	 In	 the	 figure	 transformation	 is	





As	calculated	 in	 the	 literature	 [12,	17‐21]	and	shown	in	Fig.	4a,	 the	mobile,	upper	 front	of	 the	
transformation	band	is	inclined	at	angle	(η)	of	~60°	to	the	sample	axial	length.	Within	the	macroscopic	
stress	plateau	 region,	 the	 sample	does	not	undergo	uniform	elongation	or	narrowing	along	 its	 axial	
and	transverse	directions,	respectively.	For	example,	at	0.0264	macroscopic	strain,	a	local	~2°	kink	is	
observed	 at	 the	 intersection	 of	 the	mobile,	 upper	 front	 of	 the	 transformation	 band	 and	 the	 sample	
edge.	The	kink	disappears	by	0.0721	macroscopic	strain.		
In	Figs.	4b	and	4c,	the	local	shear	strains	along	the	gauge	length	at	the	left	(L,	green	lines),	centre	
(C,	 black	 lines)	 and	 right	 (R,	 blue	 lines)	 of	 the	 sample	width	 are	 presented	 for	 0.0264	 and	 0.0721	
macroscopic	strains,	respectively.	While	the	centre	line	is	representative	of	the	middle	of	the	sample	




















































































































Fig.	 1b	depicts	 the	macroscopic	 engineering	 stress	 (σ)	 versus	 average	 strain	 (ε)	 curve	during	
cyclic	 loading‐unloading	 in	 tension.	Although	 the	 loading‐unloading	 tests	were	undertaken	 in	 0.005	





region,	 (3)	 the	mid‐point	 of	 deviation	 from	 elastic	 linearity,	 (4)	 the	maximum	 stress	 point,	 (5)	 the	
point	of	onset	of	the	macroscopic	stress	plateau	region	after	stress	reduction	is	complete,	(6a)	is	the	
mid‐point	of	a	single	macroscopic	stress	plateau	region	or	just	after	stress	relaxation	and	the	onset	of	a	
second	 macroscopic	 stress	 plateau	 region,	 (6b)	 is	 the	 end	 point	 of	 the	 macroscopic	 stress	 plateau	
region,	(7a,	7b)	points	that	are	one	and	two	‐thirds		through	the	unloading	region	and,	(8)	the	point	at	
zero	load	after	unloading	is	complete.	An	example	of	selected	points	is	shown	in	Fig.	1b(inset),	using	
the	 macroscopic	 stress	 versus	 strain	 curve	 of	 cycle	 C2.	 As	 the	 macroscopic	 stress	 versus	 strain	
response	has	changed	from	plateau	type	to	curvilinear	elastic	with	cycles,	points	(5)	and	(6a,	6b)	for	
cycle	 C20	 were	 selected	 at	 strain	 values	 where	 stress	 fluctuations	 are	 concurrent	 due	 to	 phase	
transformation	occurring	between	the	existing	transformation	bands.	






plateau	 region	 corresponds	 to	 the	 propagation	 of	 the	 local	 strain	 accumulations	 across	 the	 sample	
width	at	the	top	and	bottom	ends	of	the	gauge	length	as	seen	in	point	(5).	Points	(6a)	and	(6b)	indicate	
the	 forward	 propagation	 of	 the	 top	 transformation	 band	 upwards	 and	 downwards	 along	 the	 gauge	




is	 indicative	 of	 two	mechanisms,	 i.e.	 ‐	 the	 elastic	 unloading	 of	 the	 B2	 and	B19′	 phases	 and	 reverse	












plateau	region	occurred.	With	 the	onset	of	 the	macroscopic	 stress	plateau	region,	Fig.	5c,	points	 (4)	
and	 (5)	 shows	 that	 the	majority	 of	 strain	 accommodation	 occurred	within	 the	 pre‐existing	 bottom	
transformation	band.		
Following	this,	point	(6a)	evidences	the	forward	propagation	of	the	bottom	transformation	band	
while	 the	 top	 transformation	 band	 propagates	 across	 the	 sample	 width	 and	 records	 higher	 strain	
values.	The	latter	results	 in	stress	relaxation	in	the	sample	bulk,	which	is	recorded	as	a	reduction	in	
the	macroscopic	stress	prior	to	the	onset	of	a	new	macroscopic	stress	plateau	region	(Fig.	1b).	By	the	
end	 of	 this	 new	 stress	 plateau	 region	 (point	 (6b)),	 forward	 propagation	 of	 the	 top	 and	 bottom	
transformation	 bands	 occurs.	 During	 unloading,	 the	 reverse	 propagation	 of	 the	 top	 and	 bottom	
transformation	band	takes	place	(points	(7a)	and	(7b))	such	that	at	zero	load	a	residual	strain	of	0.025	
is	retained	within	the	bottom	transformation	band	(point	(8)).	
In	 cycle	 C5	 (Fig.	 1b),	 the	 non‐linearity	 in	 the	 elastic	 region	 is	 ascribed	 to	 the	 residual	 strain	
carried	 over	 from	 the	previous	 four	 cycles.	 Similar	 to	 cycle	 C4,	 the	maximum	 stress	 is	 immediately	
followed	by	a	macroscopic	stress	plateau	region;	which	corresponds	to	points	(3)	and	(4)	with	strain	
accommodation	 occurring	within	 the	 pre‐existing	 top	 and	 bottom	 transformation	 bands.	 Points	 (5)	
and	(6a)	show	the	development	and	propagation	of	a	new	transformation	band	inclined	at	~60°	criss‐
crossing	 the	 pre‐existing	 bottom	 transformation	 band	 inclined	 at	~120°.	 Once	 again,	 this	 results	 in	
stress	relaxation	in	the	sample	bulk,	which	is	recorded	as	a	reduction	in	the	macroscopic	stress	prior	
to	 the	onset	of	 a	new	macroscopic	 stress	plateau	 (Fig.	1b).	Up	 to	 the	end	of	 this	new	stress	plateau	




During	cycle	C7	 (Figs.	1b	and	5e),	greater	non‐linearity	 in	 the	elastic	 region	 is	ascribed	 to	 the	
higher	residual	strains	carried	over	from	previous	cycles.	This	results	in	greater	strain	accommodation	




from	 manifesting	 one	 or	 two	 stress	 plateau(s).	 Alternatively,	 between	 cycles	 C17	 and	 C20,	 the	
macroscopic	 stress	 versus	 strain	 curve	 shows	 a	 curvilinear	 elastic	 region	 followed	 by	 stress	








































































































3.2(a)	 Local	 strain	 fields	 and	 strain	 rate	 distributions	 during	 forward	 and	 reverse	 propagation	 of	
transformation	bands	
Figs.	6	and	7	illustrate	the	variation	in	local	strain	and	strain	rate	along	the	left,	centre	and	right	
of	 the	 gauge	 length	 for	 select	macroscopic	 strains	 (corresponding	 to	 points	 (1)	 to	 (8)	 in	 Fig.	 5)	 for	
cycles	C4	and	C7.	While	the	centre	line	is	representative	of	the	middle	of	the	sample	width,	the	exact	
positions	of	the	left	and	right	lines	were	selected	to	cover	distinct	local	strain	and	strain	rate	variations	
across	 the	 mobile	 band	 fronts.	 Cycle	 C4	 is	 the	 last	 cycle	 comprising	 single	 transformation	 bands	
located	at	 the	top	and	bottom	of	 the	gauge	 length	whereas	cycle	C7	 is	representative	of	 the	ongoing	
development	and	propagation	of	criss‐crossing	transformation	bands.	
Analogous	 to	 Figs.	 3a	 and	 3b,	 during	 loading	 (points	 (1)	 to	 (6b)),	 an	 increase	 in	 local	 strain	
values	occurs.	The	transition	zones	of	local	strains	correspond	to	the	maxima	in	local	strain	rates	along	
the	left,	centre	and	right	lines.	In	turn,	they	are	correlated	to:	(i)	the	position	of	forward	propagation	of	
the	 mobile	 fronts	 of	 transformation	 bands	 and,	 (ii)	 the	 regions	 of	 the	 gauge	 length	 within	 which	
transformation	is	current	for	any	macroscopic	strain.	During	unloading	(points	(7a)	to	(8)),	a	decrease	
in	value	of	the	local	strain	maxima	(i.e.	‐	within	a	transformation	band)	is	accompanied	by	a	change	in	






















For	monotonic	 uniaxial	 tension,	 factors	 affecting	 phase	 transformation	 are	 discussed	 and	 the	







portion	of	 the	gauge	 length.	 It	 follows	 that	 the	higher	stresses	needed	 to	 transform	 the	remnant	B2	
grains	 within	 the	 band	 to	 B19′	 would	 result	 in	 large	 fluctuations	 in	 stress	 within	 the	macroscopic	
stress	 plateau	 region.	 However,	 as	 shown	 in	 Fig.	 1a,	 the	 macroscopic	 stress	 only	 fluctuates	 by	 a	
maximum	of	±10	MPa	within	the	macroscopic	stress	plateau	region.	
Furthermore,	 the	 propagation	 of	 transformation	 bands	 is	 intrinsically	 linked	with	 latent	 heat	
release	 at	 their	 mobile	 fronts.	 When	 the	 sample	 thickness‐to‐length	 ratio	 or	 the	 loading	 speed	 is	
increased,	the	mobile	front	is	unable	to	release	latent	heat	sufficiently.	This	results	in	changes	to	the	










The	 small	 stress	 fluctuation	 indicates	ease	 in	 the	propagation	of	 a	 single	 transformation	band	
along	the	entire	gauge	length	without	necessitating	the	development	of	multiple	transformation	bands.	












the	 elastic	 region	 [2].	 The	 stress	 enhancement	 provided	 by	 the	 geometry	 of	 the	 dog‐bone	 samples	
leads	 to	 local	 stress	 accumulations	 near	 the	 ends	 of	 the	 gauge	 length,	 which	 in	 turn	 provides	 the	
activation	 energy	 for	 stress‐induced	 transformation	 to	 B19′.	 Once	 B19′	 forms,	 the	 local	 strain	
accumulations	 propagate	 across	 the	 sample	 width,	 resulting	 in	 a	 transformation	 band	 and	 stress	
relaxation/reduction	 in	 the	sample	bulk.	The	subsequent	 forward	propagation	of	 the	band	upwards	
and	downwards	along	the	gauge	length	and	the	ongoing	phase	transformation	of	remnant	B2	grains	




A	 study	 of	 the	 changes	 in	 local	 strain	 rates	 within	 Lüders	 bands	 of	 a	 Mg	 alloy	 subjected	 to	
tension	 [33]	 found	 that	 the	 maximum	 local	 strain	 rate	 was	 located	 at	 the	 mobile	 front	 of	 the	
propagating	band.	Schaefer	and	Wagner	[3]	performed	monotonic	uniaxial	tension	on	a	NiTi	alloy	and	
studied	 the	 local	 strain	 rate	 at	 one	 select	macroscopic	 strain	within	 the	macroscopic	 stress	 plateau	
















5e).	 Moreover,	 within	 the	 macroscopic	 stress	 plateau	 region,	 the	 maximum	 local	 strain	 rates	 of	
individual	bands	during	cyclic	loading	in	tension	are	lower	than	the	maximum	local	strain	rate	during	
monotonic	uniaxial	tension.	However,	and	analogous	to	Ref.	[9],	we	find	that	the	sum	of	the	maximum	
local	strain	rates	of	individual	bands	during	cyclic	loading	(1.3 1.9 10 	s )	is	approximately	the	
same	 value	 as	 the	maximum	 local	 strain	 rates	 of	 the	 single	 transformation	 band	 during	monotonic	
uniaxial	tension	(1.4 2.3 10 	s ).	Consequently,	we	propose	that	the	maximum	local	strain	rate	
within	 the	 macroscopic	 stress	 plateau	 region	 may	 also	 be	 applied	 as	 a	 descriptive	 indicator	 to	
understand	the	influence	of	loading	rate	on	superelastic	behaviour	and	phase	transformation	in	strain	
rate‐dependent	 studies.	On	 the	other	hand,	 the	 sum	of	 the	maximum	 local	 strain	 rates	of	 individual	
bands	during	 cyclic	unloading	 is	 less,	 compared	with	 its	 counterpart	during	 loading	 (Figs.	6	 and	7).	







The	 observation	 of:	 (i)	 a	widening	 of	 a	 single	 inclined	 transformation	 band	 front	 and	 (ii)	 the	







propagation	 of	 a	 new	 transformation	 band	 inclined	 at	 ~60°	 criss‐crossing	 the	 pre‐existing	 bottom	
transformation	band	inclined	at	~120°	(Fig.	5d).	This	results	 in	stress	relaxation	in	the	sample	bulk,	











relieving	mechanism	 involves	 the	 appearance	 of	 a	 new	 band	whose	 characteristic	moment	 is	 of	 an	






In	Fig.	 1b	a	 stress	 increment	 is	 seen	 for	 cycles	C2	 to	C4	during	unloading	 and	 is	 indicative	of	
reverse	 phase	 transformation	 of	 B19′	 to	 B2.	 During	 unloading,	 the	 anisotropic	 changes	 to	 the	 local	
stress	 fields	surrounding	 low‐symmetry	monoclinic	B19′	 lead	 to	 the	early	reverse	 transformation	of	
particular	variants	 to	B2	while	hindering	 the	 later	reverse	 transformation	of	other	variants.	 In	 turn,	
the	latter	requires	an	increase	in	stress	in	order	to	overcome	the	residual	strain	and	reverse	transform	
back	to	B2	[2].		
The	 literature	 on	 fatigue	 tests	 has	 suggested	 that	 during	 unloading,	 the	 formation	 of	 stable	
remnant	B19′	variants,	along	with	de‐twinning,	grain	reorientation	effects	and	the	retention	of	lattice	
defects	within	B2	and	remnant	B19′	grains	hinder	the	latter	phase′s	reverse	transformation	back	to	B2	
[14,	 15,	 22‐28].	 The	 combined	 effect	 of	 the	 above	mechanisms	 serves	 to	 increase	 the	magnitude	 of	




pattern	 evolution	of	 the	 transformation	band(s)	 during	 testing.	 Consequently,	 the	KAM	maps	of	 the	
present	 NiTi	 alloy	 before	 mechanical	 testing	 (Fig.	 8b),	 upon	 unloading	 after	 monotonic	 uniaxial	
tension	up	to	point	5	 in	Fig.	1a	(Fig.	8d)	and	upon	unloading	after	20	cycles	of	 loading‐unloading	 in	
tension	(Fig.	8f)	are	compared.	The	KAM	criterion	was	selected	as	a	mean	to	qualitatively	depict	the	
variation	 in	 plastic	 strain	 and	 the	 correlated	 geometrically	 necessary	 dislocation	 activity	 [34].	 It	 is	
evident	that	the	microstructure	before	mechanical	testing	comprises	a	single	B2	phase	with	low	to	no	
intragranular	local	misorientation	(≤	0.5°)	within	the	grains.	After	mechanical	testing,	the	retention	of	
remnant	 B19′	 grains	 is	 apparent.	 Upon	 unloading	 after	monotonic	 uniaxial	 tension,	 the	 phase	 area	




for	 the	B19′	phase	compared	 to	 the	0.275	area	 fraction	 for	 the	B2	phase	after	20	 loading‐unloading	
cycles	in	tension	(Fig.	8g).			
Localised	high	KAM	values	(≥	1°)	are	noted	for:	(i)	the	interiors	of	original	B2	grains,	(ii)	areas	
that	 reverse	 transformed	 back	 to	 B2	 upon	 unloading,	 (iii)	 the	 remnant	 B19′	 grains	 and,	 (iv)	 the	
interface	between	B2	and	B19′	phases.	It	can	be	surmised	that	the	high	KAM	values	in	the	original	B2	












































































































































2.	When	 the	 sample	 deforms	uniformly,	 the	maximum	 local	 strain	 rate	εM	is	 equivalent	 to	 the	
macroscopic	strain	rate.	The	 formation	of	 transformation	band	 is	reflected	as	a	sharp	 increase	of	εM	
that	is	40	times	higher	than	the	macroscopic	strain	rate.	During	forward	transformation	in	both	tests,	
the	sum	of	εM	of	 individual	bands	 is	approximately	equivalent	and	 is	one	order	of	magnitude	higher	
than	the	macroscopic	strain	rate.		
3.	Broadened	transformation	band	front	and	crossing	patterns	occur	during	monotonic	uniaxial	
and	cyclic	 loading‐unloading	 in	 tension,	 respectively.	This	relieves	 the	 in‐plane	moment	due	 to	 local	
shear	strains	and	straightens	the	sample	edge.	
4.	 The	 high	 KAM	 values	 in	 the	 original	 B2	 grains	 indicate	 dislocation	 and	 twinning	 activity,	
which	 in	 turn	 leads	 to	 the	 retention	 of	 particular	 B19′	 variants	 upon	 unloading.	 For	 cyclic	 loading‐
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